Animals often interact non-randomly with conspecifics, and association preferences can differ across life-history stages to maximize individuals' fitness. Mongolian gerbils (Meriones unguiculatus) are a social rodent that live in highly seasonal habitats and display seasonal fluctuations in population density, growth rate and the size of overlapped home ranges. Nevertheless, whether gerbils modify their social relationships at different life-history stages remains unknown. Here, we used social network analysis to examine whether social associations differ between the sexes and between life-history stages in a wild population of Mongolian gerbils. We quantified social attributes at both group level (assortativity) and individual level (social differentiation and degree, closeness and betweenness centrality); these attributes reflect individuals' social preferences and their potential influence on others in the network. We found that both male and female gerbils established fewer inter-group social connections during the food-hoarding season than during the breeding season, revealing constraints on sociality. Similarly, during the food-hoarding season, degree centrality and social differentiation increased significantly whereas closeness and betweenness centrality decreased significantly. Together, these results suggest that gerbils have relatively more partners and preferred associations and decreased influence over others in the network during the food-hoarding season. In addition, we found no significant difference in any of the social attribute between males and females, but there was a significant interaction effect between sex and season on degree, closeness and betweenness centrality. Our results demonstrate that Mongolian gerbils adjust their association strategies to adapt to the changes of life history. Such adjustments may balance the costs/benefits associated with survival and reproduction.
INTRODUCTION
It is increasingly recognized that animals often interact non-randomly with group members (Kurvers et al. 2014) . Association preferences based on sex, age and kinship have been observed in a wide diversity of organisms (Croft et al. 2005; Walker et al. 2008; Wey & Blumstein 2010; Hirsch 2011) . However, ecological factors (e.g. food availability and climate) can af-fect survival, reproduction or sex ratio, and, thus, drive variation in social groups and social systems (Bulter 1980; Crockett & Eisenberg 1987; Krebs 2015; Li et al. 2016) . Such population-level effects may alter group size or group members and may create new opportunities for individuals to interact (Maldonado-Chaparro et al. 2015) . Animals may alter behavioral strategies based on social background to maximize their fitness (Owen et al. 2017) , therefore, association preferences can differ between ecological contexts (Kurvers et al. 2013) . For instance, spotted hyenas (Crocuta crocuta Erxleben, 1777), animals with fission-fusion dynamics, make flexible decisions regarding which coalitions to join based on information about their immediate social and ecological contexts (Smith et al. 2010) .
Moreover, animals can modify their social relationships to adapt to the temporal social environment (e.g. different season or life-history stages) (Krause & Ruxton 2002; Zhang et al. 2014; Owen et al. 2017) . For example, barnacle geese (Branta leucopsis Bechstein, 1803) preferentially associate with familiar individuals when foraging but select unfamiliar partners during mate choice (Kurvers et al. 2013) . Similarly, study of degus (Octodon degus Molina, 1782) has demonstrated that females have a larger number of preferred social partners than males during lactation, revealing that social relationships are particularly important for females during this period (Wey et al. 2013) . For social animals, inter-group associations may produce benefits such as the maintenance of social rank (Arseneau-Robar et al. 2017 ) but may also impose potential costs for individuals (e.g. injuries or death; Mitani et al. 2010) . However, there is a lack of knowledge about how social rodent species change association strategies in response to variation in life history.
Mongolian gerbils (Meriones unguiculatus Milne-Edwards, 1867) are social rodents that inhabit typical steppe, desert steppe and desert habitats in northern China, Mongolia and the Trans-Baikal area of Russia (Wilson & Reeder 2005) . The reproduction and recruitment of Mongolian gerbils occur mainly from March to August (Liu et al. 2007 (Liu et al. , 2009 , and they start to store food from September to October (Ågren et al. 1989a,b) . Thus, there are 2 distinct life-history stages in Mongolian gerbils: the breeding season (March-August) and the food-hoarding season (September-October). Mongolian gerbils live in groups of 2 to 18 individuals yearround (Liu et al. 2009) , and each social group occupies an exclusive burrow system (Ågren et al. 1989a) . The home range size of a social group increases with the number of male gerbils in the group during the breeding season, whereas it is positively correlated with the number of female group members during the food-hoarding season . In addition, home-range overlap is significantly higher during the breeding season compared to food-hoarding season (i.e. non-breeding season) . Within groups, male gerbils range more widely and are generally more active than female gerbils (Ågren et al. 1989a) . These characteristics make Mongolian gerbils a good model species to investigate seasonal changes and sex differences in social associations, which have not been thoroughly examined in this species.
Here, we used social network analysis to quantify how individuals varied their social associations along with changes in social environment in a wild population of Mongolian gerbils. Social network analysis is a powerful method for investigating ecological and evolutionary processes in animal sociality (Krause et al. 2009; Kurvers et al. 2014; Pinter-Wollman et al. 2014) . This method provides a suite of measures that allowed us to statistically analyze social structure, direct as well as indirect relationships between individuals, and the role of an individual in social networks (Wey et al. 2008; Makagon et al. 2012) . We focused on a group-level (assortativity) and 4 individual-level (social differentiation, degree, closeness and betweenness) social attributes that permitted us to understand the variation in social structure and to evaluate how extensively individuals were involved in relationships with others.
We assumed that seasonal life-history traits would drive variation in social associations. Because Mongolian gerbils reduce overlap of home ranges during the food-hoarding season , we predicted that there are more associations between inter-group members during the breeding season than during the food-hoarding season. We then hypothesized that both sex and season affect individuals' social network positions. Because Mongolian gerbils are engaged in storing food during the non-breeding season, we predicted that individuals reduce their number of social partners and that network connectedness is decreased. We also predicted that male gerbils have greater influence over others compared to females, because males of this species usually dominate females (Ågren et al. 1989a) .
MATERIALS AND METHODS

Field data collection
Studies were conducted from April to October in 2 con-secutive years (2014) (2015) The mark-recaptures were carried out from 29 April to 24 October 2014 and from 4 May to 19 October 2015, at 2-week intervals. Each trapping session lasted for 3 consecutive days. We trapped Mongolian gerbils using wire-mesh live traps (28 × 13 × 10 cm) and baited with fresh peanuts. We used the concentric circle trapping method for enhancing trappability (Liu et al. 2007 ).
Traps were set at 0500-0600 hours from May to August and checked every 1-2 hours until approximately 1100 hours. To avoid trap mortality by heat, we closed traps between 1100 and 1500 hours, resumed at 1600 hours and continued to 1900 hours. Trapping started at approximately 0700 hours and continued to 1730 hours in September and October, and the traps were checked every 1-2 hours. All captured gerbils were toe-clipped at initial capture for permanent identification. Our trapping and handling of Mongolian gerbils was approved by the Institutional Animal Use and Care Committee of the Institute of Zoology, Chinese Academy of Sciences (Ethical Inspection License No:IOZ13047).
We considered gerbils captured in the same burrow system in 2 consecutive trapping sessions to be members of the same social group (Ågren et al. 1989a) . Hence, we considered that emigration had occurred if a gerbil was not caught at the original burrow system for 2 consecutive trapping sessions or more. Each gerbil was assigned to a social group based on the consecutive trapping data during a specific life-history stage. If a gerbil emigrated from a social group before July, we assigned this gerbil to the latter burrow system during the breeding season. In contrast, if a dispersal occurred in July or August, the gerbil was assigned to the original burrow system during the breeding season. A similar assignment procedure was applied during the food-hoarding season.
Social association matrix
We used the ASNIPE package (Farine & O'Hara 2013) to generate networks based on trapping data and to calculate the simple ratio index (SRI) (Ginsberg & Young 1992) for each pair of individuals during the breeding season and food-hoarding season in both years. The simple ratio index is defined as the number of times that 2 individuals were caught together at the same burrow system at the same recapture incident divided by the total number of times they were caught at the same or different burrows (SRI = N / (N + N a + N b + N ab ); N, times A and B were caught together; N a , times that only A was caught; N b , times that only B was caught; N ab , times that A and B were both caught in separate burrow systems). Therefore, the simple ratio index reflects the burrow usage overlap between any 2 individuals (ranging from 0 to 1, where 0 indicates that they never associate and 1 indicates that the dyad was always together) (Wey et al. 2013) . We constructed an undirected, weighted social network for each season. Thickness of edges in the sociogram corresponded to the simple ratio index value, which reflected the strength of association between any 2 gerbils.
Quantifying social attributes
We calculated assortativity for each season to determine whether associations were stronger within social groups using the ASSORTNET package (Farine 2014) .
We also calculated 4 social attributes for each individual in each social network: 1. Social differentiation (the coefficient of variation of association strength, CV): The standard deviation of the mean association strength. Strength was computed as the sum of edge weights (Whitehead 2008) . A higher CV value indicates relatively stronger variation in association strength with other individuals. 2. Degree centrality: Based on the number of direct connections an individual has. An individual with a high degree centrality has more influence on those around it (i.e. a more central position). 3. Closeness centrality: The inverse of the shortest path length between the focal individual and every other individual (Freeman 1979) . Closeness centrality reflects both direct and indirect connections. An individual with higher closeness has the potential to more quickly spread information or participate in events in the social network. 4. Betweenness centrality: The proportion of shortest path lengths between every pair of other group members on which the focal individual edges (Freeman 1979) . Individuals with high betweenness are important for social connections and stability. The removal of high-betweenness individuals will likely fragment or destroy network connectivity (Lusseau & Newman 2004; Wey et al. 2008 
Statistical analysis
We used generalized linear mixed models (GLMMs) to investigate whether social attributes were influenced by sex and season. Each model contained sex, season and their interactions as well as sex and season as fixed effects. Random effects were individual identity and year.
Because social attributes in a network are non-independent (Croft et al. 2011) , we determined significance in statistical tests (assortativity and GLMMs) by comparing the coefficients of the models (or the test statistic in the case of assortativity) fitted to the observed data with coefficients calculated on 1000 permutations of the network (Farine & Whitehead 2015) . Permutations were performed using the ASNIPE package (Farine & O'Hara 2013 ) following the algorithm originally described by Bejder et al. (1998) . This method enabled us to restrict the random swaps in the data stream so that swaps between pairs that were captured on the same trapping day were limited. We performed 1000 iterations of randomizations and then calculated the same social attributes and conducted the same analysis for each permuted network that we did for the observed data. P-values were calculated by comparing the coefficient from the model based on the observed data with the coefficients from the same model based on the randomized data (herein P rand ) (Farine & Whitehead 2015) . A result was considered significant if the observed coefficient fell outside the 95% range of the random coefficient distribution (Leu et al. 2016) .
Generalized linear mixed models were analyzed using the LME4 package (Bates et al. 2013) . All statistical analyses were performed using R software (R Core Team 2015). 
RESULTS
Social association at the network level
As expected, inter-group social associations were more frequent during the breeding season than during the food-hoarding season (Fig. 1) . Accordingly, the assortment coefficients for social groups during the breeding season were 0.774 and 0.663, while they were 0.801 and 1 during the food-hoarding season. Thus, the social group assortativity during the food-hoarding season was higher than that during the breeding season in both years, and the permutations showed that the observed assortment coefficient was significantly higher than expected by chance during all periods (P rand = 0.001, P rand < 0.001 for breeding season and P rand < 0.001, P rand < 0.001 for food-hoarding season, Fig. 2 ). 
Effects of sex and season on social attributes
The GLMMs revealed that there was no significant difference in social differentiation or degree, closeness or betweenness centrality between male and female gerbils (Table 1, Fig. 3 ). In contrast, there was a significant difference in these 4 social attributes between breeding and food-hoarding season (Table 1, Fig. 3 ).
Gerbils had significantly higher social differentiation (t = 1.031, P rand = 0.015) and degree centrality (t = 9.026, P rand < 0.0001) during the food-hoarding season than during the breeding season (Table 1 , Fig. 3 ). Moreover, there was a significant interaction between sex and season for degree centrality (P rand = 0.035), suggesting that the increase in direct social partners was greater for females compared to males (Table 1 , Fig. 4a ). In addition, gerbils had significantly lower closeness (t = −15.360, P rand = 0.001) and betweenness (t = −0.220, P rand = 0.001) centrality during the food-hoarding season than during the breeding season (Table 1, Fig. 3 ). The significant interaction effects of sex and season on closeness (P rand = 0.025) and betweenness (P rand = 0.023) indicated that the decrease in these 2 centralities was larger for males compared to females (Table 1 , Fig. 4b,c) .
DISCUSSION
As we expected, the inter-group associations of Mongolian gerbils decreased significantly during the food-hoarding season. This finding supports the hypothesis that overlapped home ranges may facilitate reproductive associations between inter-group individuals during the breeding season , and the enhanced within-group associations during the food-hoarding season may be related to cooperative hoarding.
The food-hoarding period is considered a crucial life-history stage for non-hibernating small rodents in temperate areas, as sufficient food reserves can improve an individual's overwinter survival (Kuhn & Vander Wall 2008; Morrison et al. 2009 ) and recruitments in early spring (Vessey & Vessey 2007) . Consequently, individuals commonly enhance their territoriality to defend food in that situation (Wolff 2007) . Because home-range size is positively related to social size in Mongolian gerbils (Ågren et al. 1989a; , and experimental study has demonstrated that winter food availability limits gerbils' winter survival , we believe that enhanced associations within groups during the food-hoarding season contributes to winter survival of entire family groups. Moreover, the assortment coefficients differed from those expected by chance, suggesting that Mongolian gerbils adjust their association strategies to adapt to various requirements at different life-history stages.
At the individual level, the enhanced degree centrality and social differentiation suggest that gerbils have more partners and stronger differentiation of the strength of associations during the non-breeding season than during the breeding season. Generally, animals benefit from preferred associations. For instance, kin-biased associations enhance the insect capture rate in squirrel monkeys (Saimiri sciureus macrodon Linnaeus, 1758) (Montague et al. 2014) . Alternatively, a study of house mice (Mus domesticus Linnaeus, 1758) indicate that individuals that mate with preferred partners have higher productive success than those that mate with non-preferred partners (Drickamer et al. 2003) . Interestingly, the social differentiation during the breeding season was significantly lower than that during the food-hoarding season in Mongolian gerbils; this observation may be consistent with their life-history traits. Larger gerbils dominate smaller ones (Ågren et al. 1989a) , and females inhibit one another's reproductive development (Clark & Galef 2001) . Therefore, gerbils that have no reproductive opportunities may enter neighboring territories and solicit copulations from the resident male, leading to a relatively homogeneous strength of associations. In contrast, social associations are mostly restricted to intra-group associations during active collection and food hoarding.
In addition, we found that closeness and betweenness centrality decreased significantly during the food-hoard- 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51   Social associations in Mongolian gerbils   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50 et al. 2016) . Thus, further studies should focus on how gerbils benefit from seasonal variation in centrality with respect to increasing survival and reproduction and reducing energy expenditure. Sex differences in patterns of social association are common (Ruckstuhl 2007; Holekamp et al. 2012; Ma et al. 2014) . Unexpectedly, we found no significant sex differences in social differentiation or degree, closeness and betweenness centrality. This result supports the hypothesis that sex may not play any role in determining social networks (Wey & Blumstein 2010) . One possible reason is that although male gerbils usually dominate female gerbils (Ågren et al. 1989a) , they cannot prevent partner females from leaving their territories to copulate with the neighboring males during the breeding season (Ågren et al. 1989a) . In contrast, during the food-hoarding season, most group members take part in storing food (Ågren et al. 1989b) , and both males and females show high aggression against out-group members during this period (Deng et al., unpublished data) . Furthermore, because our investigation was based on mark-recapture data, it is possible that the results of this study provide limited insight into the lack of sex difference.
Nevertheless, we found significant interaction effects of sex and season on degree, closeness and betweenness centrality. This finding indicates that although individuals have similar responses to seasonal changes in social influence, the intensity of the changes differs significantly according to sex. Specifically, the increase in the number of direct social partners was higher and the decrease in influence over other individuals was smaller for females than that for males during the food-hoarding season, suggesting that compared to males, female gerbils have a relatively higher influence over other individuals during the food-hoarding period.
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